The latency-associated nuclear antigen (LANA) encoded by Kaposi's sarcoma-associated herpesvirus (KSHV) is critical for segregation of viral episomes to progeny nuclei and allows for maintenance of the viral genome in newly divided daughter cells. LANA binds to KSHV terminal repeat (TR) DNA and simultaneously associates with chromatin-bound cellular proteins. This process tethers the viral episomes to host chromosomes. However, the mechanism of tethering is complex and involves multiple protein-protein interactions. Our previous proteomics studies which showed the association of LANA with centromeric protein F (CENP-F) prompted us to further study whether LANA targets centromeric proteins for persistence of KSHV episomes during cell division. Here we show that LANA colocalized with CENP-F as speckles, some of which are paired at centromeric regions of a subset of chromosomes in KSHV-infected JSC-1 cells. We also confirm that both the amino and carboxy termini of LANA can bind to CENP-F. Moreover, LANA associated with another kinetochore protein, Bub1 (budding uninhibited by benzimidazole 1), which is known to form a complex with CENP-F. Importantly, we demonstrated the dynamic association of LANA and Bub1/CENP-F and the colocalization between Bub1, LANA, and the KSHV episome tethered to the host chromosome using fluorescence in situ hybridization (FISH). Knockdown of Bub1 expression by lentivirus-delivered short hairpin RNA (shRNA) dramatically reduced the number of KSHV genome copies, whereas no dramatic effect was seen with CENP-F knockdown. Therefore, the interaction between LANA and the kinetochore proteins CENP-F and Bub1 is important for KSHV genome tethering and its segregation to new daughter cells, with Bub1 potentially playing a more critical role in the long-term persistence of the viral genome in the infected cell.
synthase kinase 3␤ (GSK-3␤), a negative regulator of the Wnt signaling pathway, in a cell cycle-dependent manner and induces cells to enter the S phase (5, 20) . In addition to modulating gene transcription and dysregulating cell growth pathways, LANA is critical for tethering the viral episome to cellular chromatin and thus facilitating and possibly ensuring the inheritance of the viral genome during cell division (3, 11, 12) . LANA enhances viral DNA replication via a specific interaction of the C-terminal DNA-binding domain with two sites within the terminal repeats (TRs) of KSHV DNA: LANA-binding site 1 (LBS1) and LBS2 (21, 24) . The TRs are 801-bp-long, high-GC regions of the KSHV genome and are present as multicopy tandem repeats (38, 59) . Each TR copy contains two LBSs separated by a 22-bp DNA sequence, and LANA binds with higher affinity to LBS1 than to LBS2 (21) . LANA binds to LBS through amino acids 936 to 1139 of the carboxyl-terminal domain (12, 34) . Although terminal repeats are not arrayed uniformly and symmetrically at each end of the episome, the sum total of repeated DNA per genome is relatively fixed (38) . Each KSHV viral episome contains approximately 35 to 45 TR units (38) . It should be noted that the TR also supports replication of a plasmid in a LANA-dependent manner (23, 24) , although recent work from our lab showed that the KSHV genome has replication sites capable of supporting viral replication independent of LANA (74) .
Several cellular proteins targeted by LANA have been implicated in the tethering of the KSHV genome to the host chromatin. Recruitment of LANA to mouse chromosomes has been shown to require methyl CpG-binding protein (MeCP2) and DEK (36) . Histones H2A, H2B, H1, Brd4, and Brd2/Ring3 have also been shown to contribute in some part to LANAhost chromosome interaction (4, 11, 51, 75) . In our previous study, a list of cellular proteins associated with LANA was generated experimentally through proteomic studies (28) . One of the most prominent of such proteins was the centromeric protein F (CENP-F) (28) . The results showed that both the amino and carboxy termini of LANA can form a complex with CENP-F in vitro.
CENP-F is a 3,114-amino-acid kinetochore protein which was originally identified through the use of human autoimmune serum (7, 41, 56) . CENP-F is part of the nuclear matrix during interphase and localizes to kinetochores during mitosis (7, 41, 56, 78) . The kinetochore is a eukaryote-specific multiprotein complex that assembles on centromeric DNA and links the chromosome to microtubule polymers from the mitotic spindle during mitosis and meiosis (32) . The kinetochore contains two regions: an inner kinetochore, which is tightly associated with centromere DNA, and an outer kinetochore, which interacts with microtubules (57) . Electron microscopy revealed that CENP-F is localized at the outer kinetochore plate (56, 77) . Importantly, kinetochore localization of CENP-F persists until the onset of anaphase, when it can relocalize to the spindle midzone (56) . The kinetochore-targeting domain is located within the C-terminal domain of CENP-F (77) , and the C-terminal domain of CENP-F has been shown to interact with itself, the kinesin-related motor protein CENP-E, and the spindle checkpoint component Bub1 (9, 25, 77) , which is consistent with roles in chromosome segregation and/or spindle checkpoint control.
In the present study, we show that the KSHV-encoded LANA protein is associated with centromeres on the human host chromosome in KSHV-positive latently infected cells. Our studies revealed that LANA interacts with CENP-F and Bub1 both in vivo and in vitro and can mediate its centromeric localization via the formation of a multiprotein complex with CENP-F and Bub1 at the kinetochore on host chromosomes. Specifically, Bub1 associated with LANA during interphase and throughout mitosis and colocalized with KSHV viral episomes at punctate nuclear structures in KSHV-infected cells. Our data thus provide a novel molecular target for LANA which contributes to KSHV genome maintenance and segregation.
MATERIALS AND METHODS
Plasmids, antibodies, and cell lines. pA3F-LANA and pA3F-LANA deletion constructs carrying the ORF73 amino-terminal domain (amino acids [aa] 1 to 340) or carboxy-terminal domain (aa 842 to 1162) were constructed by PCR amplification from pA3M LANA and the pA3M-LANA deletion constructs (24) . The green fluorescent protein (GFP)-Bub1 plasmid was provided by Edward D. Salmon (University of North Carolina, Chapel Hill, NC). CENP-F constructs (F1, F2, and F3) were provided by T. J. Yen (Fox Chase Cancer Center, Philadelphia, PA). The full-length CENP-F construct was a gift from Xueliang Zhu (Shanghai Institute for Biological Science, Chinese Academy of Sciences, Shanghai, China). The GFP-NLS-myc plasmid was constructed by in-frame insertion of the nuclear location signal (NLS) from the Epstein-Barr virus (EBV) EBNA1 gene and a myc tag into the pEGFP-C1 vector. GFP-CENP-F-NLS-myc constructs containing the different CENP-F truncations (residues 1 to 595, 433 to 968, 847 to 1354, 1232 to 1764, 1759 to 2271, 2132 to 2674, and 2575 to3114) were prepared by PCR amplification of the amplicon from the CENP-F cDNA followed by cloning into the GFP-NLS-myc plasmid vector within BamHI and SalI restriction sites. To generate glutathione S-transferase (GST)-CENP-F truncations, residues 1 to 595, 433 to 968, 847 to 1354, 1232 to 1764, 1759 to 2271, 2132 to 2674, and 2575 to 3114 were fused in frame to GST. The corresponding sequence was amplified by PCR from CENP-F F1, F2, and F3 constructs to be introduced into the BamHI and NotI sites on the 5Ј and 3Ј ends subcloned into the pGEX-2TK vector. Bub1-and CENP-F-specific short hairpin RNAs (shRNAs) were made by insertion of the 21-mer oligonucleotides AAAUA CCACAAUGACCCAAGA and AAGAGAAGACCCCAAGUCAUC (27) into the pGIPZ vector (Open Biosystems, Inc., Huntsville, AL), respectively. A 21-mer oligonucleotide (TCTCGCTTGGGCGAGAGTAAG) against luciferase that had no significant homology to any known human mRNA in the databases was cloned in the same vector and used as a control. All constructs and mutations were verified by DNA sequencing (University of Pennsylvania DNA sequencing facility).
Sheep polyclonal antiserum against CENP-F was a kind gift from Stephen Taylor (University of Manchester, Manchester, United Kingdom). Mouse monoclonal antibody reactive to LANA was a gift from Ke Lan (Institute Pasteur of Shanghai, Chinese Academy of Sciences, Shanghai, China). Mouse monoclonal antibody reactive to the Flag epitope (M2) was purchased from Sigma-Aldrich Corp. (St. Louis, MO). The anti-Myc (9E10) was prepared from hybridoma cultures. Rabbit polyclonal antibody reactive to Bub1 (H-300) and human anticentromere antiserum (ACA) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), and ImmunoVision (Springdale, AR), respectively. The KSHV-positive cell lines BC-3, JSC-1, and BCBL-1 were cultured in RPMI 1640 medium supplemented with 7% fetal bovine serum (FBS). Both HEK293 and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% FBS.
GST binding assays. GST fusion protein purification and GST pulldown assays from cell lysates have been described previously (28) . For in vitro binding experiments, in vitro translation was done with the T7-TNT quick-coupled transcription-translation system (Promega Inc., Madison, WI) according to the manufacturer's instructions. GST fusion proteins were incubated overnight at 4°C with 35 S-labeled in vitro-translated protein in binding buffer (0.1% NP-40, 0.5 mM dithiothreitol [DTT] , and 10% glycerol in 1ϫ phosphate-buffered saline [PBS] supplemented with protease and phosphatase inhibitors). Samples were mixed with SDS-PAGE loading dye, incubated at 100°C for 3 min, and resolved by SDS-PAGE. After the gel was dried and exposed to a PhosphorImager plate, the bound fraction was analyzed with a Typhoon 9410 PhosphorImager (Molecular Dynamics, Inc., Sunnyvale, CA).
IP. Transfected cells were harvested, and immunoprecipitation (IP) was performed on cell lysates using the appropriate antibody as described previously (65) . IP complexes were fractionated by SDS-PAGE and transferred to a 0.45-m nitrocellulose membrane. The membrane was then probed with appropriate antibodies, followed by incubation with appropriate infrared-tagged secondary antibodies, and finally was scanned with an Odyssey infrared scanner (Li-Cor Biosciences, Lincoln, NE). Densitometric analysis was performed with the Odyssey scanning software.
Immunofluorescence assays. Cells were washed with PBS and spread evenly on a slide as described previously (65) . For mitotic chromosome spreads, cells were arrested with colcemid (0.1 g/ml) at 37°C for 1 h before being harvested. RSB buffer (10 mM Tris [pH 7.4], 10 mM NaCl, 5 mM MgCl 2 ) was gently added to cell pellets to a final cell concentration of 3 ϫ 10 6 /ml. Cell suspensions were incubated at 37°C for 10 min and then transferred to ice. Cells were dropped onto poly-L-lysine-coated coverslips. Slides were treated with 4% paraformaldehyde, and cells were permeabilized in 0.5% Triton X-100-PBS buffer. Fixed spreads were then blocked and incubated with appropriate antibodies. After washing, spreads were incubated with appropriate labeled secondary antibodies and counterstained with DAPI (4Ј,6Ј-diamidino-2-phenylindole). The slides were examined with a Fluoview FV300 (Olympus Inc., Melville, NY) confocal microscope, and the images were analyzed with FLUOVIEW software (Olympus Inc., Melville, NY).
Immunofluorescence and FISH. A modified immunofluorescence and fluorescence in situ hybridization (FISH) technique was developed for the studies described here (3) . Cells were fixed in 4% paraformaldehyde at room temperature for 20 min and permeabilized with 0.5% Triton X-100. Subsequently, cells were treated with 100 g/ml RNase A in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). The slides were overlaid with in situ hybridization solution with 20 ng of a probe that was labeled with biotin from KSHV LANA cDNA with a NEBlot phototope kit (New England Biolabs, Inc.), according to the manufacturer's suggestions. After denaturation of DNA at 72°C for 5 min, slides were incubated overnight at 37°C, washed in 2ϫ standard saline citrate for 10 min at 45°C, and blocked in TNB (0. Virus production and transduction of KSHV-infected B cells. Lentiviruses were produced by transient transfection into HEK293T cells as described previously (15) . Concentrated virus was used to infect 10 6 cells in a six-well plate in the presence of Polybrene (8 mg/ml). After 36 h, the medium was replaced with 2 ml RPMI 1640 containing 2 g/ml puromycin. For establishing the shRNAspecific stable cell lines, cells were selected with puromycin (3 g/ml) for 3 weeks.
Real-time PCR analysis of KSHV episomal copies. Total DNA was extracted from selected colonies by lysing of cells in 5 mM EDTA-1% sarcosyl, followed by proteinase K digestion. Relative numbers of KSHV episomal copies were calculated by real-time quantitative PCR (qPCR) amplification of the terminal repeats as previously described (65) .
Flow cytometry. Cells were harvested, washed in ice-cold PBS, and fixed in cold ethanol. Cells were stained with PBS containing 40 g/ml of propidium iodide (PI), 200 g/ml of RNase A (Sigma), and 0.05% Triton X-100 for 1 h at room temperature in the dark. Stained cells were analyzed using FACScan (BD Biosciences) and FlowJo (Treestar) software.
RESULTS
LANA colocalizes with CENP-F on mitotic chromosomes. In our previous report, we showed that LANA can act as a CENP-F binding partner and colocalized in nocodazoletreated BCBL-1 cells (28) . To further investigate the subcellular localization of LANA and CENP-F in the KSHV-infected cell line JSC-1, indirect immunofluorescence was utilized (Fig.  1A) . The cellular location of each protein was determined by using a monoclonal antibody specific for LANA and a goat polyclonal antibody for CENP-F, followed by detection with chicken anti-goat Alexa Fluor 488 for CENP-F (green) and donkey anti-mouse Alexa Fluor 594 for LANA (red). Cells were also counterstained with DAPI to identify nuclei (light blue) and examined using an Olympus confocal microscope. The images were sequentially captured using FLUOVIEW software (Olympus), and the colocalized CENP-F and LANA staining was distinctly observed in the nucleus as bright yellow dots (Fig. 1A) .
LANA localizes to the centromeric region of a subset of mitotic chromosomes. To further characterize the mitotic binding regions of LANA on the chromosome, chromosome spreads were prepared from JSC-1 cells and LANA and centromeres were detected by indirect immunofluorescence. The location of LANA was determined by using a LANA-specific monoclonal antibody. The centromeres of the host chromosomes were identified with human anticentromere antiserum (ACA). As shown in Fig. 1B , LANA staining in a number of positions was observed as paired or single foci of variable size and colocalized with the centromeric region as determined by the overlap with ACA signals at multiple positions. Figure 1C shows a representative photograph of cells which were analyzed, with the number of colocalized spots being greater than 30% of the total LANA signals. Importantly, the intensity of LANA staining on each chromosome was variable and may be even higher than 30%. The data demonstrated that LANA can associate with centromeres of mitotic chromosomes and may be important for segregation of the KSHV genome to progeny daughter cells.
LANA forms a complex with CENP-F both in vivo and in vitro. To confirm the interaction between LANA and CENP-F, LANA was immunoprecipitated from the KSHV-positive BC-3 cell lysates, and coimmunoprecipitated (co-IP) CENP-F was monitored by Western blot analysis using CENP-F-specific antibody. As shown in Fig. 2B , CENP-F specifically interacted with endogenous LANA. To map the domain of CENP-F that interacted with LANA, bacterially expressed GST-fused fragments of CENP-F (amino acid residues 1 to 595, 433 to 968, 847 to 1354, 1232 to 764, 1759 to 2271, 2132 to 2674, and 2575 to 3114) (Fig. 2C) were incubated with cell lysates prepared from HEK293 cells transfected with Flag-tagged LANA. As shown in Fig. 2D , full-length LANA interacted specifically with the amino-terminal GST-CENP-F residues 1 to 595 and the carboxy-terminal residues 2575 to 3114 but not with other CENP-F truncations or the GST control (Fig. 2D) . To further confirm the association, in vitro-translated 35 S-radiolabeled full-length LANA was incubated with purified GST-CENP-F truncated fusion proteins. This in vitro binding assay also showed that LANA binds directly with the amino (aa 1 to 595a) and carboxy (aa 2575 to 3114) termini of CENP-F (Fig.  2E) . The interaction of LANA with CENP-F was then corroborated by co-IP analysis. This showed that LANA was detected only with CENP-F residues 1 to 595 and 2575 to 3114 (Fig. 3F) , similar to what was seen in the GST pulldown assays. Therefore, GST binding assays and co-IP assays demonstrated that CENP-F is a binding partner of LANA and specifically associates with residues both at the amino (aa 1 to 595) and the carboxy (aa 2575 to 3114) termini of CENP-F.
The N terminus of LANA (residues 1 to 340) is involved in binding to CENP-F amino acid residues 1 to 595 and 2575 to 3114. Both the N terminus and the C terminus of LANA exert important functions in KSHV episome maintenance and probably segregation. Since LANA binds to CENP-F (28) and the centromeric region of chromosomes, we wanted to further determine which domains of CENP-F bound to the LANA N terminus. HEK293 cells were cotransfected with expression constructs for Flag-tagged LANA N terminus (residues 1 to 340) and CENP-F truncations (residues 1 to 595, 433 to 968, 847 to 1354, 1232 to 1764, 1759 to 2271, 2132 to 2674, and 2575 to 3114) tagged with a Myc epitope. The results of these experiments showed that the amino-terminal CENP-F residues 1 to 595 and residues 2575 to 3114 coimmunoprecipitated with the N-terminal domain of LANA as well as the full-length LANA (Fig. 3A) . Importantly, no coimmunoprecipitation was detected with the vector control or the middle region of CENP-F. To further corroborate the in vivo binding data, GST binding experiments were performed by incubation with the cell lysates from N-terminal LANA-transfected HEK293 cells (Fig. 3B ) or in vitro-translated 35 S-radiolabeled C-terminal LANA ( Fig. 3C ) with bacterially expressed GST-CENP-F truncations. The GST binding data also exhibited results similar to those from the in vivo binding data ( Fig. 3B and C) . These in vivo and in vitro binding data established that CENP-F bound to the N terminus of LANA, which is important for binding to the host chromatin (36, 53) , through interaction with amino acid residues 1 to 595 and 2575 to 3114.
Residues 1 to 595 and 2575 to 3114 of CENP-F can associate with C-terminal LANA (residues 842 to 1162). To map the domains of CENP-F responsible for interaction with the C terminus of LANA (amino acid residues 842 to 1162), we tested the same series of subfragments spanning the full length of CENP-F for binding to the 320-aa C-terminal portion of LANA. Cell lysates from C-terminal LANA-transfected HEK293 cells (Fig. 3D ) or in vitro-translated 35 S-radiolabeled C-terminal LANA (Fig. 3E) were incubated with either GST control or GST-CENP-F truncations normalized by Coomassie blue staining. The precipitated proteins were resolved by SDS-PAGE and detected with mouse anti-Flag antibody or by using a PhosphorImager. Western blot analysis (Fig. 3D ) and labeling results (Fig. 3E) indicated a specific association of C-terminal LANA with residues 1 to 595 and 2575 to 3114 of CENP-F. This interaction was also confirmed by co-IP analysis (Fig. 3F) . Cell lysates from HEK293 cells expressing Flagtagged C-terminal LANA and Myc-tagged CENP-F truncations were subjected to anti-Flag antibody immunoprecipitation, and the coimmunoprecipitated proteins were detected by immunoblotting using anti-Myc antibodies. As expected from the GST pulldown experiments, residues 1 to 595 and 2575 to 3114 of CENP-F were coimmunoprecipitated with Flag-tagged C-terminal LANA (Fig. 3F) . These results demonstrated that both the N-terminal and C-terminal domains of LANA can independently interact with CENP-F.
LANA can interact and colocalize with Bub1 on host mitotic chromosomes in KSHV-infected cells. CENP-F is known to be associated with the outer kinetochore complex (41) . Previous work and more detailed mapping from our group have shown that LANA can associate with CENP-F (28). However, CENP-F remains in association with the kinetochore only until the onset of anaphase, after which it translocates to the central spindle and later accumulates to the intracellular bridge between the daughter cells at telophase (41, 56) . Therefore, the question of how LANA maintains its link to the kinetochore during the remaining phases of mitosis remained. We postulated that LANA may interact with another centromeric protein(s) to tether to the centromere in the absence of CENP-F. Previous studies have shown that Bub1 is a critical centromeric protein associating with the outer kinetochore (46) . Therefore, we tested the interaction of Bub1 with LANA (Fig. 4) . Cell lysates from HEK293 cells overexpressing Flag-tagged LANA and GFP-tagged Bub1 constructs were subjected to anti-Flag antibody immunoprecipitation, and the coimmunoprecipitated proteins were detected by immunoblotting using anti-Bub1 antibody. The result showed that LANA can coimmunoprecipitate with Bub1 in a complex from cells (Fig. 4A) . To further determine whether these proteins interacted at endogenous levels, LANA was immunoprecipitated from the KSHV-positive cell lines JSC-1 (Fig. 4B ) and BC-3 (Fig. 4C) , and coimmunoprecipitated Bub1 was monitored by Western blot analysis using Bub1-specific antibody. Western blot analysis showed that Bub1 was immunoprecipitated with endogenous LANA (Fig. 4B and C) . To further corroborate the in vivo binding, an in vitro GST pulldown experiment was carried out using bacterially expressed GST-LANA-N (residues 1 to 340) and GST-LANA-C (residues 842 to 1162) fusion proteins. Cell extracts from HEK293 cells were incubated with either GST control or GST-LANA truncations normalized by Coomassie blue staining. The precipitated proteins were resolved by SDS-PAGE and detected with Bub1-specific antibody. The results of the binding assay indicate that both N-and C-terminal LANA bound strongly to Bub1 (Fig. 4D) , similar to what was seen for CENP-F as described above.
To determine whether or not LANA colocalized with Bub1, we examined the nuclear localization pattern of LANA and (Fig. 5A ). Since JSC-1 cells are dually infected with EBV and KSHV, it was possible that EBV-encoded EBNA1 may also bind to Bub1. Figure 5B shows that there was no detectable colocalization seen between EBNA1 and Bub1. Bub1 and LANA colocalization was further confirmed by using two other KSHV-infected cell lines, BC-3 and BCBL-1, which also showed colocalization of LANA and Bub1 (Fig. 5C ). From these results, we proposed that the Bub1 protein located at the kinetochore can form a link between KSHV viral genomes and the host mitotic chromosome via interaction with LANA and other cellular proteins.
Dynamic colocalization pattern of LANA and Bub1/CENP-F in KSHV-positive B cells.
In an attempt to verify the colocalization of LANA and its interacting centromeric proteins, Bub1 and CENP-F, indirect immunofluorescence assays were performed using the KSHV-positive JSC-1 cell line. Quantitation of the overlapping signals clearly shows a greater than 30% colocalization of all three signals in JSC-1 cells (Fig. 6A) . Furthermore, Z-stack confocal microscopic analysis was performed. The overlay pictures of all three dimensions showed overlapped signals, indicating strong colocalization of LANA, Bub1, and CENP-F in all three dimensions (Fig. 6B) . To further explore the LANA, Bub1, and CENP-F interaction kinetic model, these three proteins were visualized by indirect immunofluorescence assays in BC-3 cells. Figure 6C shows that all three of these proteins can form a ternary complex during interphase and maintain their interaction through prometaphase to metaphase. However, after anaphase, CENP-F relocalizes to the spindle midzone, and it later accumulates to the intracellular bridge between the daughter cells at anaphase and cytokinesis. LANA was clearly associated with Bub1 throughout mitosis (Fig. 6C) . This dynamic localization pattern suggests that the association of LANA with Bub1 is likely to be critical for segregation of KSHV episomes to daughter cells during mitosis.
Bub1 associates with the KSHV genome on host chromosomes. Bub1 can associate with LANA during the different phases of the cell cycle. Therefore, the colocalization of this centromeric protein Bub1 on host chromosome with LANA suggests that Bub1 may mediate a critical link between the KSHV genome and the host chromosome. We conducted fluorescence in situ hybridization (FISH) to confirm this possibility. JSC-1 cells were hybridized with biotinylated KSHV DNA probe, followed by incubation with LANA monoclonal antibody and Bub1 rabbit polyclonal antibody. The staining was detected by incubation with an Alexa Fluor 488 donkey antirabbit IgG, an Alexa Fluor 594 streptavidin conjugate, and an Alexa Fluor 647 donkey anti-mouse IgG. Cells were also counterstained with DAPI. The results showed that LANA signals localized in the nucleus in a pattern similar to that of KSHVspecific DNA hybridization, and greater than 50% of the Bub1 signals overlapped with LANA and the viral episomes (Fig. 7) . This suggests that LANA can tether the viral genome via binding with Bub1 in addition to other cellular proteins in complex with the host chromosome.
Bub1-depleted KSHV-positive cells show a dramatic reduction in KSHV episomal copies.
To understand the significance of Bub1 and LANA interaction in KSHV genome maintenance, we sought to knock down the expression of endogenous Bub1 using an RNA interference (RNAi) strategy. JSC-1 cells were transduced with lentivirus containing specific (sh-Bub1) and control (sh-luc) shRNAs, followed by selection with puromycin. Genomic DNAs from sh-control and sh-Bub1 JSC-1 cells were extracted at 1, 2, 3, 4, and 5 days after selection. We further determined the number of copies of the KSHV genome in these shRNA-treated cells by calculating the TR copies using real-time PCR assays. The relative number of KSHV terminal repeat copies was significantly reduced in Bub1 shRNA-treated JSC-1 cells, which corresponded with the degree of depletion of Bub1 (Fig. 8A) . To establish the sh-Bub1 stable cell lines, these cell lines were selected with puromycin for 3 weeks. Western blot analysis showed that Bub1 shRNAtreated JSC-1 stable cells showed efficient depletion of Bub1, i.e., close to an 80% reduction compared to control luciferase shRNA-treated cells (Fig. 8B) . Interestingly, Western blot results showed that there was also a reduction in endogenous LANA protein levels in the Bub1-specific shRNA-treated JSC-1 cells compared to control luciferase shRNA-treated cells (Fig. 8B) . Immunofluorescence assay also confirmed that the number of LANA protein dots in the Bub1-knocked-down cells was significantly lower than that in the sh-control cells (Fig. 8C and D) . The number of TR copies was maintained at very low levels in cells expressing the Bub1-specific shRNA compared to the shRNA control (Fig. 8E) . Importantly, the small interfering RNA (siRNA) knockdown study of Bub-1 in the KSHV-positive BC-3 and BCBL-1 stable cell lines also showed that endogenous Bub1 and LANA protein levels as well as the number of TR copies were reduced in cells express ing the Bub1-specific shRNA compared to the shRNA control (Fig. 8F) . However, neither the LANA protein levels nor the TR copies were changed in the sh-CENP-F-treated JSC-1 cells compared with control cells (Fig. 8C to E) . Therefore, compared to Bub1, the interaction of CENP-F and LANA is probably redundant although important in the context of LANA's function to tether KSHV genome to the host chromosome and so ensure persistence of the viral genome.
The Bub1-knocked-down KSHV-positive cells which showed significantly reduced LANA protein levels and TR copy number were most likely due to the inefficient passage of KSHV episomes to progeny nuclei during mitosis and failure to maintain the virus genome in the absence of Bub1. Importantly, in these stable cell lines impaired Bub1 function did not significantly increase apoptosis (Fig. 8G) . All cells completed the cell cycle and continued to divide in culture. As previously seen, Bub1-specific knockdown led to an increase in aneuploidy (61) in all three KSHV-positive cell lines analyzed (Fig.  8G) . Therefore, these results strongly support the hypothesis that Bub1 can contribute to the persistence of the KSHV genome and is essential for segregation and maintenance of the KSHV genome.
DISCUSSION
During latent infection, the viral genomes are maintained as autonomous replicating extrachromosomal elements (epi- somes) at a relatively constant copy number in the host cells (18) . Nuclear retention and segregation of viral genomes during mitosis are an obstacle that all episomal viruses must overcome to maintain viral copies. In general, a virally encoded DNA-binding protein associates with specific sequences within the viral genome while simultaneously associating with a chromatin-bound cellular protein(s). This intricate tethering mechanism appears to be conserved among diverse types of viruses (3, 11, 39, 40) . In KSHV, LANA plays a critical role in tethering viral genomes via binding of TRs to the host mitotic chromosomes (3, 11) . However, the molecular mechanism underlying the bridge between the virus, LANA, and the host chromosome is likely to be complex, involving numerous proteins.
In the absence of the KSHV genome, LANA is distributed diffusely in the nucleus as well as in mitotic chromosomes (53) . In contrast, in the presence of the KSHV DNA, LANA is colocalized with the viral genomes in punctate dots both in interphase nuclei and on mitotic chromosomes (3, 11, 53, 68) . Therefore, the subnuclear localization of LANA is altered in the presence of the viral genomes. The difference in LANA's chromosomal staining pattern in infected versus uninfected cells raises the possibility that KSHV episome binding may affect LANA's conformational structure and protein interactions, including that bound to the viral episomes (36) . In order to study the relationship between LANA and centromeric proteins in the context of KSHV infection, the colocalization of these endogenous proteins was demonstrated. LANA associated with mitotic chromosomes as punctate dots in KSHVinfected cells and colocalized with the centromere, suggesting that LANA and centromeric proteins may share common features in their association with the chromosome. These additional protein-protein interactions may be necessary for LANA's punctate localization on human chromosomes. This supported a role for centromeric chromosomebinding proteins in the function of endogenous LANA in KSHV-positive cells and is likely to play an important role in contributing to genome segregation and maintenance.
LANA is a highly acidic protein composed of a basic N terminus, an internal acidic repeat region, and a basic C-terminal domain. The charge structure suggested that LANA might have strong associations with a range of specific cellular targets. Kaul et al. have also shown that the amino terminus of LANA can interact with its carboxy-terminal domain (28) . Furthermore, the centromeric protein CENP-F associated with both the amino and carboxy termini of LANA (28) . In the present study, we show that LANA interacts with the mitotic chromosome-associated protein CENP-F at both the N-terminal domain (residues 1 to 595) and the C-terminal domain (residues 2575 to 3114). Interestingly, the N terminus of LANA showed greater efficiency of binding of CENP-F, whereas the basic C-terminal domain of LANA showed a minor binding site for CENP-F compared to the N-terminal domain. We demonstrated that binding of CENP-F with the N or C terminus of LANA is mediated by direct protein-protein interaction. The significance of this interaction was demonstrated by the colocalization of LANA and CENP-F in the KSHV-infected JSC-1 cells. The LANA-CENP-F colocalization was prominently observed on the host mitotic chromosomes in cells containing KSHV episomes. However, CENP-F is known to lose association with the kinetochore once the cells enter anaphase (56) . Therefore, we wanted to further explore how LANA and the KSHV genome are maintained and segregated to the daughter cells once CENP-F is no longer associated with the kinetochore or LANA. Bub1 is well known to be a critical member of the kinetochore complex and is associated with CENP-F (25). Thus, it was possible that Bub1 can maintain the link to the kinetochore for LANA and the KSHV episome when CENP-F is lost from the complex.
Bub1 is a protein serine/threonine kinase (58) which we showed directly binds to LANA and also colocalizes with the KSHV genome. Bub1 localizes to the kinetochores in mitosis (72) and is required for Mad1-Mad2 localization to unattached kinetochores (44, 45, 66) . Besides Mad1 and Mad2, Bub1 also recruits BubR1, Bub3, centromere protein E (CENP-E), and CENP-F to unattached kinetochores (27, 64) . In addition to the upstream function in regulating the kinetochore localization of Mad2 and other downstream checkpoint components, Bub1 has a noncheckpoint function at the kinetochores and preserves centromeric cohesion through the MEI-S332/ shugoshin family of proteins (31, 70, 71) . Therefore, Bub1 performs multiple tasks in mitosis that ensure the proper inheritance of chromosomes (76) . This additional function may be utilized by the virus to maintain its genome in the new daughter cells.
The association of LANA with Bub1 was further supported by the colocalization of LANA and Bub1 in KSHV-positive cell lines BC-3, BCBL-1, and JSC-1. The LANA-Bub1 colocalization was obviously observed on the host mitotic chromo- One of the definitive ways to address this role was to generate Bub1 knockdown cells. Bub1 plays an important role in safeguarding the genome, primarily by enforcing the spindle checkpoint that delays anaphase progression when kinetochores lack bipolar attachment to microtubule spindles (47, 49) . A complete loss of Bub1 is apparently lethal because of catastrophic mitosis (26, 52) , but Bub1 insufficiency can contribute to chromosomal instability and aneuploidy in restricted genetic and cellular contexts (6, 35) . Our flow cytometry analysis also supports the notion that impaired Bub1 function in BC3, BCBL-1, and JSC-1 cells can lead to aneuploidy. More importantly, the KSHV-positive cell lines BC3, BCBL-1, and JSC-1, with reduced levels of Bub1 targeted by shRNA, showed a reduced number of the episomal KSHV genome copies and endogenous LANA protein levels. Induction of Bub1 shRNA-expressing cells produced significantly lower numbers of KSHV episomes than in cells expressing a control shRNA, although the cell cycle profiles were similar. Therefore, Bub1 is likely to be crucial for segregation and maintenance of the KSHV genome. This loss of Bub1 function will also affect the kinetochore localization of other proteins in addition to the association of LANA with the kinetochore via the interaction with these other centromeric proteins. This will eventually lead to loss of tethering of LANA with the host chromosome. In contrast, the knockdown of CENP-F did not result in a dramatic loss of KSHV copies, suggesting that its interaction with LANA, although important, maybe controlled by redundant associations with other centromeric proteins in addition to Bub1. In conclusion, the data presented here suggest a model whereby LANA likely binds Bub1 in complex with CENP-F and other cellular proteins, including NuMA, MeCP2, DEK, and histones H2A, H2B, and H1 (4, 11, 36, 65 ). Once the cell enters anaphase, LANA association with CENP-F and others may be lost, but its association with Bub1 is maintained throughout mitosis. Therefore, the Bub1-LANA interaction is probably critical for segregation to daughter cells. We have therefore demonstrated that endogenous LANA in KSHVinfected cells is important for the association of the KSHV episome and centromeric chromosome protein complex, and we further suggest that LANA can tether the viral episomes to host chromosomes through cooperative binding of LANA to cetromeric proteins CENP-F, Bub1, and NuMA as well as other cellular chromosome-associated proteins during interphase but maintains its association with Bub1 and the KSHV genome throughout mitosis. Thus, this presents a putative mechanism for KSHV genome segregation and persistence in the infected cell (Fig. 9) .
